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Abstract– This paper proposes a new design of a low sidelobe level (SLL) and high gain linear printed Vivaldi antenna
array. The array composes of two parts, which are a linear Vivaldi antenna array and a back reflector. The array consists of
10 single Vivaldi antennas and a new series-fed network, those are based on Rogers RO4003C substrate (ε = 3.55) with the
dimension of 450× 140× 1.524 mm3. Bat algorithm with the amplitude-only control technique has been applied to optimize
the output coefficients of the series-fed network for gaining a low SLL. The simulation results indicate that the proposed
antenna provides a low SLL of -29.2 dB in E-plane with a high gain of 16.5 dBi at the frequency of 3500 MHz. A prototype
of the proposed antenna array has been fabricated. The measured data has a agreed well with the simulated data.
Keywords– Vivaldi antenna, low sidelobe level, linear antenna array, Bat algorithm application.
1 Introduction
Vivaldi antennas have been introduced for several
decades. Some typical structures of Vivaldi antennas
such as a 3D array or multi-layer antennas have been
used in wireless systems. They have a high directivity
and a large bandwidth. However, these antennas are
not convenient to be integrated into small wireless
systems due to their large sizes. This problem has been
overcome when printed Vivaldi antennas have been
developed. Printed Vivaldi antenna arrays usually have
simple structures and easy to be fabricated, while they
still have a high gain and a wide bandwidth. Several
designs of these antenna arrays have been proposed
in [1–6]. A Vivaldi antenna array has been proposed
for 5G handsets in the mmWave based on a corporate-
fed network in [1] and [2]. In [1], notch structures have
been used to reduce mutual coupling of about 37 dB
between adjacent elements to improve the radiation
pattern. In [2], an end-fire antenna array has been
designed with a high gain of 12 dB. Works in [3]
and [4] have proposed Vivaldi antenna arrays for ultra-
wideband applications in the L, S or X bands. The
common drawback of these studies is that the reduction
of SLLs has not been studied yet. The effect of the
Vivaldi element pattern on the pattern of a uniform
linear array in the frequency range of 2-4 GHz has been
investigated in [5]. The results show that the gain of 13
dB can be achieved, but the SLL is too high with -6 dB
when the number of elements is 10. In [6], the design
of a Vivaldi antenna using director elements has been
proposed. This antenna has a SLL of -19.9 dB, but the
gain is only 10 dBi.
A high SLL causes serious problems for wireless
systems. It produces electromagnetic radiation in un-
wanted directions in transmitting and receive unde-
sired signals in receiving systems. Therefore, several
attempts have been studied to reduce the SLL of linear
antenna arrays. The most usual approach is to use a
Chebyshev amplitude taper [7–10]. A linear microstrip
patch antenna array, which consists of twelve rectan-
gular patches and a corporate-fed network, has been
proposed in [7]. This antenna array can provide a low
SLL of -26.5 dB at the frequency of 5.8 GHz. However,
the back lobe level is quite high at -15 dB. In [8], a series-
fed linear dielectric resonator antenna (DRA) array with
eight patches has been proposed. The antenna has a low
SLL of -23 dB and a gain of 15.7 dBi at the frequency of
7 GHz. Another DRA array with ten patches has been
presented in [9]. This antenna achieves -27.7 dB of SLL
and a gain of 15.7 dBi in the V-Band. Even though it is
complicated to design and fabricate the DRA structure.
A double-sided printed dipole array with ten elements
has been proposed in [10]. This antenna provides a high
gain of 17.5 dBi, and the SLL is about -26 dB in E-plane.
Another approach for gaining a low SLL of linear
antenna arrays is to use optimization algorithms. This
method’s advantage is that it allows setting any specific
demand of SLLs by synthesizing the array factor. Sev-
eral algorithms have been investigated in [11] such as
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Gravitational search, Genetic algorithm (GA), Particle
swarm optimization (PSO), Ant Lion, Modified invasive
weeds and Cat swarm. In simulation results, these al-
gorithms can provide a wide range of SLL suppression.
A new inspired-nature algorithm, the Bat algorithm
(BA), has been proposed for SLL suppression and null
placement of a linear antenna array in [12–15]. In these
works, BA has been demonstrated that it is better than
famous algorithms such as PSO or GA in term of
convergence, robustness and precision. However, there
is still a lack of proposals for antenna array designs
using the above algorithms. There are few works which
have used optimization algorithms in design low SLL
antenna arrays. The author in [16] has used the differen-
tial evolution algorithm in the design of an array of ten
patch antennas. This antenna has a SLL as low as -25.3
dB at the frequency of 9 GHz. The PSO has been used
in the design of a 4D Vivaldi antenna for UWB in [17].
The SLL can be reduced 27.8 dB at the frequency of
15.1 GHz and 44.9 dB at the frequency of 10.1 GHz.
However, this study uses the switching time technique,
which is complicated to be deployed in reality.
The frequency band of 3.5 GHz has been using for
fixed satellite and radar systems for a long time. How-
ever, the band has also been allocated to fixed wireless
systems and International Mobile Telecommunications
(IMT) systems such as 4G/5G worldwide since recent
years [18, 19]. Therefore, it raises the issue of studying
on protecting the existing satellite and radar systems
from harmful interference of new wireless systems in
areas where these systems are sharing the 3.5 GHz
band. In reality, one of the solutions of handling radio
interference, which has been using in fixed wireless
systems or mobile base stations, is to install high di-
rectivity and low SLL linear antenna arrays.
In this paper, BA has been used to calculate an
optimized amplitude excitation weight distribution of a
linear array antenna for a low SLL of -30 dB. Then a new
series feeding-network has been designed to deploy this
amplitude distribution. An array of ten printed Vivaldi
antennas has been developed based on the proposed
feeding-network for fixed or mobile wireless systems
operating in the band 3.5 GHz. The proposed array
Vivaldi antenna can provide a low SLL of -29.2 dB while
the maximum gain can be reached by 16.5 dBi.
2 Antenna Array Design and Structure
2.1 Design of a Feeding Network
2.1.1 Amplitude Distribution of the Array Factor for Low
Sidelobe Level: In this work, a uniform linear array has
been studied. The array has ten elements, which are
equally separated by a half of a wavelength. The array
factor AF of the array can be expressed as:
F (θ) =
N
∑
n=1
anej(n
λ
2 k sin(θ)+δn), (1)
where N = 10, the excitation weight of the nth element
has the amplitude of an and the phase of δn, and k is the
Start
Set: t = 0, tmax, threshold; Build: Objective
function F(x) by Eq. (1) and Eq.(2);
Initial Bat polulation xi, vi, fi, ri, Ai;
fmin, fmax, with x = [a1, a2. . . aN ]
Find the best current global
solution x∗ and F(x∗)
F(x∗) < threshold or t > tmax
Generate new solution by adjusting
fi, vi, xi using Bat theory [12-15]:
fi = fmin + ( fmin − fmax)β;
vti = v
(t−1)
i + (x
t
i − x∗) fi; xti = x(t−1)i + vti
Find the best local solution
Update t = t + 1; x∗ and F(x∗)
Finish
No
Yes
Figure 1. Flow chart of BA algorithm.
wavenumber, k = 2piλ . With the amplitude-only control
technique, this work assumes δn = 00 and an = aN+1−n
to keep the main lobe direction at θ = 00. For the
purpose of gaining a low SLL, the BA has been used to
find out a distribution of the amplitude (an) through the
optimization progress of the AF. The theory of the BA
has been investigated in [12–15]. The objective function,
F, has been designed as:
F =
900
∑
θ=−900
[
|AFo (θ)− AFd (θ)|2
]
(2)
AFo is the output array factor for a low SLL. AFd is
the reference array factor. In this study, AFd has been
preset with the maximum SLL of -30 dB. The BA can
be re-written to solve the problem of SLL suppression
as shown in Figure 1. The optimization progress has
been done in the following condition: the number of
bats n = 50; fmin = 0, fmax = 2; threshold is 0.001; Ai
and ri are initiated by 0.5; the maximum number of
searching rounds is 20. The amplitude distribution for
a low SLL has been calculated and shown in Table I.
2.1.2 Design of a Feeding Network: A series-fed net-
work has been proposed to implement excitation am-
plitude weights for a low SLL of a 10× 1 linear antenna
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Figure 2. Design of the proposed series-fed network.
Table I
Amplitude Distribution for SLL of -30 dB.
n 1 and 10 2 and 9 3 and 8 4 and 7 5 and 6
an 0.2066 0.4203 0.6506 0.8679 1.0000
array. The series-fed network has two characteristics.
The first one is that the output power distribution is
corresponding to the distribution of amplitude, which
is presented in Table I. The second one is that all
output phases are uniform. Because this amplitude dis-
tribution is symmetric, the series-fed network consists
of two identical and symmetrical arms on each side
of the centerline. The design of the proposed series-
fed network is depicted in Figure 2. T-junctions have
been proposed to control the power flow to outputs.
The impedance of the input and all outputs, Z0, has
been designed equally to 50Ω. Transmission lines of
a quarter-wavelength (Z1, . . . , Z8) have been used to
match the impedance between T-junctions and the out-
puts. If the output phases between adjacent output
ports are in-phase, the phase delay Φ between them
must be 2pi. However, the phase delay Φ of a signal
passing through a transmission line with a length of l
can be calculated by the expression [20]:
Φ =
2pi
λg
l, (3)
where λg is the effective wavelength, l is a constant
and l < λ. Thus, Φ usually is smaller than 2pi. A new
solution has been proposed in this study to control
Φ. A circular arc is added to the transmission line
which connects two adjacent outputs. The radius of the
circular arc, r, is approximately calculated to achieve
Φ = 2pi by expressions:
dp = dr + 2r +
λg
4
, (4)
2pi =
2pi
λg
(dr + pir) +
pi
2
. (5)
Because Z1, . . . , Z8 have the lengths of
λg
4 , the phase
delays of them are approximately pi2 . The weights of
the proposed series-fed network have been calculated
with the requirement of the amplitude distribution in
Table I, as presented in Table II. Where wi is the width
of Zi. The output coefficients of the proposed feeding
Table II
The Series-Fed Network’s Weights (mm)
w0 w1 w2 w3 w4 w5
3.41 0.93 2.64 0.76 2.76 1.86
w6 w7 w8 r dp dr
1.86 2.14 1.56 10.2 41.26 9.3
Table III
Simulation of the Output Coefficients of the Proposed
Series-Fed Network
Output 1 and 10 2 and 9 3 and 8 4 and 7 5 and 6
Amplitude (theory) 0.2066 0.4203 0.6506 0.8679 1.0000
Amplitude (simulation) 0.1905 0.3935 0.6025 0.8317 1.0000
Phases [degree] -106.55 -108.16 -107.70 -108.19 -106.90
Figure 3. The AF with simulated amplitude coefficient and with
theoretical one.
network have been simulated. The simulation results
of the amplitude and phase distribution have been
presented in Table III. It is obvious that there is not
much difference between the simulation results and
the theoretical one. The response of the array factor
with simulated amplitude weights has been compared
to that one with the theoretical amplitude weights, as
presented in Figure 3. Clearly, this network can be
used to gain a low SLL of the linear antenna array in
this study.
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Figure 4. The geometry of a Vivaldi antenna element, top view (black)
and bottom view (gray).
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Figure 5. S11 Simulation of a Vivaldi antenna element.
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Figure 6. Radiation pattern simulation in E-plane (solid line) and H-
plane (dash line).
2.2 Design of a Vivaldi Antenna Element
A Vivaldi antenna element has been designed on both
the top and the bottom layers of a Rogers substrate
RO4003C, as shown in Figure 4. On the top, there
is a microstrip line, which plays the role of a taper
to a slot on the bottom. This line consists of two
interconnected segments, a quarter of a wavelength of
50Ω transmission line and an open line of the width of
w f . On the bottom, there is a rectangular slot with the
width of 2α and the length of t located at the center.
This slot is connected to a circle of radius of rv and an
Table IV
Parameters of a Vivaldi Antenna Element (mm)
w0 w f d t α rv l st p
3.41 0.7 41.26 20 1.9 2.6 23.3 5.5 0.06
(a) Top view
(b) Bottom view
Figure 7. View of the Vivaldi antenna array.
Figure 8. Configuration of the proposed antenna.
exponential planar horn which is designed based on
expressions:
y = αe−px, (6)
where x = 0 → t2 ; α > 0 and p > 0. The parameters
of the Vivaldi antenna element have been calculated,
as presented in Table IV. The Vivaldi antenna has been
simulated, and the simulation results are presented in
Figures 5 and 6. As indicated in Figure 5, the antenna
has a bandwidth of 450 MHz (3300 - 3750 MHz) at the
reflection coefficient (S11) of -10 dB. Figure 6 shows
the radiation pattern in E-and H-plane. This antenna
provides a gain of 4.4 dBi. From the simulation results,
the Vivaldi antenna element can be well used in the
proposed array of this work.
2.3 Construction of the Proposed Antenna Array
The linear Vivaldi array antenna has been designed
by arranging 10 Vivaldi antenna elements along the x-
axis. Each element is connected to an output of the
series-fed network by a transmission line. Inter-element
spacing is approximately half of the wavelength of
3.5 GHz. The Vivaldi array is constructed on Rogers
RO4003C substrate (e = 3.55) with a total size of 450×
140× 1.524 mm3. Figure 7 shows the top view and the
bottom view of the Vivaldi antenna array. A reflector
has been placed at the backside of the array, as shown
in Figure 8. This reflector is based on FR4 substrate (e =
4.4) with the overall dimensions of 503× 192× 1.6 mm3.
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Table V
Computer Configuration for Simulation in this Work
Computer ACPIx64 based PC
Disk drivers Kington SUV500120G
Display adapters ANVIDIA GeForce GT 1030
Processors Intel(R) Core(TM)i-8500CPU @3.00GHz (x8)
RAM 8 GHz
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Figure 9. Reflection coefficient simulation with different distances of
the back reflector.
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Figure 10. SLL and gain simulation with different distances of the
back reflector.
The back reflector plays a role as a mirror reflecting
the electromagnetic wave according to the image the-
ory [21]. With the presence of the reflector, the elec-
tromagnetic wave has been removed from the bottom
side of this array and has been forwarded to above the
top side. Thus the maximum gain can be improved.
However, the gain and the radiation direction depend
on the distance d f . In this work, all simulations have
been done by using CST Microwave Suite 2018 with
the computer configuration as presented in Table V.
The Vivaldi antenna array has been simulated and op-
timized its elements and feeding-network parameters.
The influence of the distance from the antenna array to
the reflector has also been investigated. Figures 9 and 10
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Figure 11. Simulation result of radiation pattern with proposed and
uniform weights.
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Figure 12. Simulation result of SLL over frequency when d f = 0.5λ.
show the variation of the bandwidth, maximum gain
and SLL when df is changed. The maximum bandwidth
can be achieved at the frequency of 3500 MHz while the
distance is about 0.5λ. As presented in Figure 10, the
distance df can be determined equal to 0.5λ in terms
of having both a low SLL (-29.2 dB) and the highest
gain (16.5 dBi). The simulation result of the radiation
pattern with d f = 0.5λ has been presented in Figures 11
and 12. As presented in Figure 11, the maximum SLL
of the array with the proposed amplitude excitation
weights is 11.5 dB better than that one with uniform
excitation weights. Figure 12 shows that the SLL over
the frequency range of 3400-3600 MHz always is better
than -26 dB, the maximum SLL suppression has been
achieved by more than 29 dB in the frequency range of
3490-3550 MHz. Thus, the distance d f has been finally
chosen equal to 0.5λ in this design.
3 Experimental Results
A prototype of the proposed Vivaldi array antenna has
been fabricated and measured. Figure 13 shows the
fabricated antenna.
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Figure 13. Fabricated Vivaldi antenna array.
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Figure 14. Simulation and measurement results of reflection coeffi-
cients.
The reflection coefficient (S11) has been measured by
using the device Anritsu BTS Master 8222A. Radiation
patterns have been measured in the far-field region by
using a test antenna chamber, which has the size of 26
× 10 × 10 m3. The measurement has been set with the
frequency step size of 10 MHz and the resolution of
the radiation pattern of 1◦. The measurement data has
been collected and compared to that of the simulated
one. It is noted that in all figures, the coordinate axes
(Oz) have been aligned with the maximum direction of
the main lobe for the comparison of the simulation and
measurement results.
The measurement and simulation of the reflection
coefficient are presented in Figure 14. The antenna has
the bandwidth of 140 MHz (from 3450 to 3590 MHz)
at -10 dB of S11.
The measured radiation patterns at the frequencies of
3450 MHz, 3500 MHz, 3520 MHz, 3550 MHz and 3590
MHz have been presented in Table VI and Figure 15.
According to the measurement data, SLLs at those
frequencies have been suppressed by more than 25
dB. The best SLL suppression has been achieved by
approximately 27.0 dB at the frequency of 3500 MHz.
The simulated and measured radiation patterns at
the frequency of 3500 MHz have been compared in
detail, as shown in Figure 16. Both co-polarization and
cross-polarization data are considered in the E-plane
and H-plane. Obviously, measurement results agree
well with simulation data. The proposed antenna array
has the direction of maximum radiation in E-plane.
The maximum measured SLL is approximately -27.0
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Figure 15. Measurement results of the radiation pattern in E-plane at
different frequencies.
Table VI
The Maximum Measured SLL (dB)
Frequency (MHz) 3450 3500 3520 3550 3590
SLL (dB) -24.5 -27 -26.5 -25.5 -25
Table VII
Comparison with Other Works
References [16] [10] [8] This work
Element No. 10 10 8 10
Frequency (MHz) 9000 5500 7300 3500
SLL (dB) -25.3 -26.0 -23.0 -27.0
Cross-polarization (dB) -25 -20 -30 -20
Maximum gain (dBi) 14.5 17.5 15.7 16.5
Substrate RO4350 RT/5870 RT/5880 RO4003C
dB, while the simulation result with co-polarization is
-29.2 dB. On the other hand, neither SLL measurement
nor simulation results is above -20 dB with cross-
polarization.
As indicated in Figure 16, the measurement results
still have a slight difference from the simulated ones.
It may be caused by some reasons. Firstly, SLLs is
normally very low; thus, it can be changed by inter-
ference, such as refecting signals from other directions
in the measurement process. Secondly, array fabrica-
tion may have errors, which is also a factor leading
to inaccuracy measurement of the radiation pattern.
However, the error of -2.2 dB may be an acceptable
level. For comparison, the measurement data in this
work has been compared with that of [8], [10] and [16]
as shown in Table VII. The proposed Vivaldi antenna
array has a SLL of -27.0 dB that is better than SLLs
in [8], [10] and [16]. The antenna gain in this work is
about 16.5 dBi that is 1 dB lower than the gain in [10].
The proposed antenna in this work has better gain and
SLL suppression than those in [8] and [16]. The cross-
polarization in this work is equivalent that in [10] and
worse than those in [8] and [16].
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Figure 16. The Radiation simulation and measurement results at the
frequency of 3500 MHz.
4 Conclusions
A new linear printed Vivaldi antenna array has been
developed. The BA has been used to optimize the
output amplitude distribution of the series-fed network
of this array. Simulation results show that the SLL
has been suppressed to -29.2 dB, and the bandwidth
is 140 MHz in the frequency of 3500 MHz with the
reflection coefficient of -10 dB, while the maximum
gain can be achieved at 16.5 dBi. A prototype of this
antenna has been fabricated and measured to verify
simulation results. The measured data has agreed well
with simulated ones.
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